This study reports the manufacture, microstructure, and tribological behaviour of carbon nanotube reinforced aluminium composites against pure aluminium. The specimens were fabricated using powder metallurgy method. The nanotubes in weight percentages of 0.5, 1.0, 1.5, and 2.0 were homogeneously dispersed and mechanically alloyed using a high energy ball milling. The milled powders were cold compacted and then isothermally sintered in air. The density of all samples was measured using Archimedes method and all had a relative density between 92.22% and 97.74%. Vickers hardness increased with increasing CNT fraction up to 1.5 wt% and then reduced. The microstructures and surfaces were investigated using high resolution scanning electron microscope (SEM). The tribological tests showed that the CNT reinforced composites displayed lower wear rate and friction coefficient compared to the pure aluminium under mild wear conditions. However, for severe wear conditions, the CNT reinforced composites exhibited higher friction coefficient and wear rate compared to the pure aluminium. It was also found that the friction and wear behaviour of CNT reinforced composites is significantly dependent on the applied load and there is a critical load beyond which CNTs could have adverse impact on the wear resistance of aluminium.
Introduction
Metal matrix composites (MMCs) reinforced with nanoparticles and nanotubes are finding increasing use in fields such as aerospace, architectural structure, renewable energy, alternative transport, and electronics in order to make lighter and stronger structures [1] [2] [3] . Among various MMCs, aluminium (Al) has attracted significant interest because of its excellent strength, low density, and corrosion resistance. Aluminium and its alloys are important lightweight materials with low density, high thermal conductivity, good mechanical properties, and corrosion resistance. The combination of unique properties of carbon nanotubes (CNTs) and aluminium alloys has, therefore, great potential in many weight sensitive applications [4, 5] . Since poor tribological performance limits its use in wear related applications, many efforts have been made to improve their wear and mechanical resistance [4, 6] . Recent research has been extended to evaluate the effect of nanoparticles on the wear resistance of aluminium nanocomposites. There has been significant interest in carbon materials because of their special electrical, optical, and mechanical properties [7] . In particular, CNTs have attracted scientific and technological interest due to their unique chemical and physical properties. CNTs have also been proposed as a reinforcement material due to its high modulus of elasticity, high tensile strength, and large bending angles after being discovered by Iijima [8] .
In particular, if the CNTs composite is made with aluminium matrix, it can inherit the lightweight property of aluminium [9] . To use CNTs for technical applications, the mechanical properties and characteristics of tribology need to be investigated through determination of the wettability between materials, the CNTs content, the homogeneous dispersion conditions, and the proper manufacturing method 2 Journal of Nanomaterials [10, 11] . Several methods have been proposed and implemented to synthesize nanocrystalline matrix reinforced with multiwalled carbon nanotubes (MWCNTs), such as thermal spraying [12, 13] , sintering [14] [15] [16] , mechanical alloying (MA) [17] [18] [19] [20] [21] [22] , semisolid powder processing [23, 24] , spark plasma sintering (SPS) [25, 26] , friction stir processing [27, 28] , flake powder metallurgy [29] , spark plasma extrusion [30] , and nanoscale dispersion [31] . However, the use of MWCNTs as reinforcement in aluminium MMCs is a great challenge due to their agglomeration and poor dispersion of the nanotubes. Among the aforementioned methods, SPS appears to be best for mechanical properties but requires expensive equipment. Pressureless sintering process is more economical and has the potential to produce large components. MA is employed prior to sintering or SPS to improve the dispersion of nanoparticles within metal matrices [32] . Improvement in wear resistance of aluminium with the addition of CNTs was reported in previous studies [4, 32, 33] . Al-Qutub et al. [4] clarified that the friction and wear behaviour of Al-CNTs composites is largely dependent on the applied load. There exists a critical load beyond which CNTs could have adverse impact on the wear resistance of aluminium alloys. Choi and coworkers [32] investigated the mechanical properties and wear mechanisms of aluminium nanocomposites. They found that aluminium infiltrated MWCNTs formed a strong interface with the aluminium matrix by mechanical interlocking. The strength and wear resistance were significantly improved due to the decrease of grain size and the addition of CNTs. The coefficient of friction was also reduced. The optimum CNTs content for minimum wear loss was reported to be 4.5 vol%. They also reported that the coefficient of friction and the wear rate increased with increasing load but decreased with increasing sliding speed. Zhou and coworkers [33] developed aluminium composites with CNTs via pressureless infiltration of aluminium into CNT-Mg-Al composite preformed in N 2 atmosphere at 800 ∘ C. They found that CNTs were well dispersed and embedded in the Al matrix and the friction coefficient and wear rate of the composite decreased with increasing volume fraction of CNTs content. It can therefore be summarised that the tribological properties of Al-CNTs composites are highly dependent on the method used for dispersing CNTs, the CNTs content, and the fabrication method used to consolidate the composite. Mechanical alloying (MA), also known as ball milling, is a process which has been highly developed and widely applied to preparing a wide range of alloys, intermetallic compounds, and composites in the amorphous or nanocrystalline form. Some alloys with homogenous microstructure can be readily obtained by MA from components having significant difference in specific weight and melting point or being even virtually immiscible [34] . MA is a powder metallurgy processing technique that involves repeated cold welding, fracturing, and rewelding of particles using a high energy ball mill [35] . It can be used to achieve a uniform distribution of the reinforcement in metal matrix nanocomposites (MMNCs) with reduced agglomeration. It was found that dispersion of CNTs in MMNCs through MA is related to several processing variables including pretreatment of CNTs, type of milling, ball-to-powder weight ratio, milling speed, milling time, Table 1 : Chemical composition of aluminium powder.
Element
Si Cu N HCl Fe Mn Ti Al Amount (%) 0.1 0.02 0.001 0.005 0.1 0.02 0.03 Balance and process control agent [36] . Bakshi and coworkers [37] reviewed that most of the corrosion studies are performed on electrodeposited Ni-CNT composite coatings and Zn-CNT composite coating. They reported that electrodeposited coatings are more prone to corrosion due to the presence of pores and voids. These studies indicate that the addition of CNTs may improve the corrosion resistance due to two reasons. Firstly, the chemical inertness of the CNTs helps forming a passive layer on the coating surface. Secondly, CNTs help filling up the voids and pores of electrodeposited coatings reducing initiation of localised corrosion. The aim of the present study is to compare the hardness, density, microstructure, and sliding wear properties of Al-based composites fabricated by MA using a high energy ball mill. These composites were reinforced with various CNTs contents (0.5-2 wt%) based on previous works. Test samples were obtained by cold compaction and sintering from ball milled powders. Vickers hardness and density are obtained by established methods. Wear behaviour of the specimens was tested against steel discs using various loads in 300 m of sliding distance. Unless otherwise specified, CNTs in this work are referred to as MWCNTs.
Experimental Procedure
2.1. Materials. The matrix material used for the composite fabrication was pure Al (99.7%) powder with near spherical particle average sizes of 78 m obtained from Loba Chemie in Mumbai, India. MWCNTs with a nominal diameter of 20-30 nm in lengths of 3-8 m were used as reinforcement to the matrix. These were obtained from Intelligent Materials Private Ltd., a supplier in Punjab, India, for Nanoshel, a company based in the United States. Ethanol was used as a medium in the ball milling of CNT and Al powders. The chemical composition of Al powder is presented in Table 1 .
Fabrication of Nanocomposite Material.
Elemental powders were used to fabricate the aluminium. CNTs with a diameter in the range of 20-30 nm and length of 1-10 m were added in 0.5, 1.0, 1.5, and 2.0 wt%. The CNTs were dispersed into the aluminium powder by ball milling for 2 hours. The ball-to-powder weight ratio was 10 : 1. The milled powders were cold pressed in steel mould at 650 MPa to form 8 mm diameter cylindrical pins of 50 mm height. Consolidated samples were pressurelessly sintered for 2 hours at 723 K with a heating and a cooling rate of 100 K/min. For the purpose of comparison monolithic aluminium was also prepared by the same process.
Pin-on-Disc Tests for Sliding Wear.
A schematic representation of the sliding wear test machine is presented in Figure 1 . The components were designed to get a pin-on-disc Journal of Nanomaterials configuration with a holder positioned perpendicularly to the rotating disc. Specimens underwent the sliding wear tests against EN31 steel disc. Loads of 0.1 kg, 0.2 kg, 0.3 kg, 0.4 kg, and 0.5 kg were applied directly to the specimens with the use of the pin as indicated in Figure 1 . The flat surface of the pin polished with 9 m polishing pad. An EN31 steel disc with a hardness of 59 HRC was used as counterface. An average roughness value of 0.3 m was achieved for the disc through grinding using alumina abrasive wheel. The surfaces of the pin and disc were cleaned with acetone prior to the tests. The tests were carried out under dry sliding conditions at constant sliding speed of 0.5 m/s and normal loads in the range of 0.1 to 0.5 kg. The sliding distance was kept constant at 300 m. Wear rate values were obtained by taking the average from three repeated tests. The friction coefficient was continuously recorded using -plotter interfaced to the tribometer. A scanning electron microscope (SEM) was used to inspect the worn surfaces of the specimens.
Results and Discussion
3.1. Densification and Micro/Nanostructure. Pressureless sintering takes longer than spark plasma sintering reported previously by Silvestre [2] . There was an oxidised layer on the surface of the samples which is loose and brittle. Nevertheless, the material inside is a dense material. The density of all samples was measured by Archimede's method and all had a relative density between 92.22% and 97.74%.
High resolution SEM image of pure aluminium sintered for 2 h at 723 K showed a uniform and homogenous microstructure of the alloy as shown in a typical SEM micrograph in Figure 2 With increasing content of CNTs, the microstructure is less uniform and there are more nanoporous areas observed. It is believed that these are the undispersed CNTs clusters showing the cross section of the hollow nanotubes. This is correlated with the slight reduction in relative density reported above. 3.2. Hardness. Vickers hardness was measured for pure aluminium and 0.5-2.0 wt% CNT composites as shown in Table 2 . Each data point was an average of 3 measurements for the same material. Figure 3 shows the hardness of the composites and monolithic aluminium processed by the same procedure. The hardness of the nanocomposites increased by about 50% with CNT fraction up to 1.5 wt% and then decreased significantly. The increase in hardness is mainly due to the strengthening effect of CNTs. The decrease in hardness when CNT fraction is over 1.5% is coincident with the significant increase in porosity. Simões et al. [38] also found that the hardness of composite is higher than the monolithic aluminium if the CNTs are well dispersed. The hardness of composite may decrease if the CNTs are damaged during the dispersion process.
Wear Rate.
A widely used equation to compute the wear rate is Archard's equation:
where is normal load (kg), is sliding distance (m), is wear volume (mm 3 ), and is specific wear rate coefficient (mm 3 /kgm). The wear rate for the monolithic Al and the composite containing 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt% CNTs versus the applied load is shown in Figure 4 . The experiments were carried in triplicate. The wear rate increased monotonically with the applied load. At lower loads of 0.1-0.2 Kg, the composite showed better wear resistance than pure Al. However, at higher loads of 0.3-0.5 Kg, the wear resistance of monolithic Al was better than the composite. The wear rate of the composite increased significantly as the normal load is increased from 0.2 to 0.3 Kg which indicates sharp change in wear mechanism from mild to severe wear regime. These results show that addition of 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt% CNTs improves wear resistance of the Al at lower loads (mild conditions) only. At higher loads pores present in the composite and CNTs agglomerates (as shown in Figure 5 ) act as a source of crack initiation and cause severe subsurface fragmentation resulting in poor wear resistance of the composite compared to the monolithic aluminium. Compared to SPS processed composites reported by Silvestre [2] , the sintered composites appear to be more brittle and prone to subsurface fracture. This is owing to the oxidation during the long sintering process. Moreover, weak bonding between CNTs and aluminium particles could be another possible reason for its severe subsurface fracturing at higher loads.
Friction Coefficient.
The coefficients of friction versus the applied load for the pure aluminium and the 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt% composites are presented in Figure 6 . for the next 100 m. While for the 0.5 wt% CNT composite, the friction coefficient showed considerable increase in the first 150 m of sliding. It then stayed in the range of 0.4-0.45. It is evident that the friction coefficient of composite is not only lower but also less fluctuating compared to the monolithic alloy. Similarly for the 1 wt%, 1.5 wt%, and 2.0 wt% CNT composite, the friction coefficient increased in the first Journal of Nanomaterials The coefficient of friction versus load for the monolithic alloy and the 0.5 wt% to 2.0 wt% composites are presented in Figure 7 for a load of 0.2 Kg. It can be seen that the friction coefficient of both monolithic aluminium and composites decreased considerably compared to that obtained at a load of 0.1 Kg. For the monolithic alloy and the composites with CNTs up to 1 wt%, the friction coefficient increased by about 20% in the first 150 m and then stabilises. For composites with CNTs 1.5 wt%, the friction coefficient stayed at about 0.18 to 0.2. For CNTs above 2 wt%, the friction coefficient dropped by 20% to about 0.15 after 100 m.
The coefficients of friction versus normal load for the pure aluminium and the 0.5 wt% to 2.0 wt% composites are presented in Figure 8 at a load of 0.3 kg. It can be seen that the trend of friction is very similar to that seen at 0.2 kg except the 2 wt% composite. The monolithic aluminium and composite materials with CNTs up to 1.5 wt% displayed slight increase in friction coefficient with sliding distance up to 150 m and then levels off. The composite with 2.0 wt% CNTs increased steadily from 0.15 to 0.22. The coefficients of friction for the applied load of 0.4 kg are presented in Figure 9 . It can be seen that the variation of friction coefficient with sliding distance is smaller than that at lower applied load presented above. The friction coefficients of the monolithic alloy and the 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt% CNT composites remained almost the remaining sliding distance, the friction coefficient of the monolithic alloy and the 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt% CNT composites remained almost constant at average values of 0.11, 0.105, 0.10, 0.098, and 0.095, respectively.
Friction and Wear
Mechanisms. SEM micrographs of worn surfaces after tests at different loads are presented in Figure 11 . It can be seen that, at a load of 0.1 kg, abrasion is dominant for the monolithic alloy and CNT composite leaving small wear marks as shown in Figures 11(a) and 11(b), respectively. Minor delamination can be found in monolithic alloy (cf. Figure 11(a) ) whereas the composite did not show any delamination (cf. Figure 11(b) ). This is due to greater hardness and strength imparted in the composite by the addition of CNTs. At a load of 0.2 kg, considerable abrasion along with mild delamination can be seen for monolithic alloy in Figure 11 (c). Significant delaminated flakes with crack initiation can be seen at several locations for the composite in Figure 11(d) . Increasing the applied load to 0.3 kg, the monolithic alloy displayed severe delamination with some possible breakage of adhesive junction as shown in Figure 11 (e), while the composite showed severe subsurface fracturing and deep pits in Figure 11 (f). It shows that cracks have initiated and propagated as a result of surface fatigue at higher loads during sliding leading to heavy delamination and hence high wear rate of the composite. The weak bonding between CNTs and Al particles in sintered samples could be another reason for crack initiation and propagation at higher loads. Figures 12(a) and 12(b) show lower magnification SEM micrographs of worn surfaces at an applied load of 0.5 kg for the alloy and composite, respectively. The surface of the alloy is characterized by the formation of long and deep grooves. Such grooves could have been formed due to continuous abrasion of the specimen by the counterface. However, the surface of the composite is characterized by severe fracture and delamination, especially at the edges of the cylinder. This breaking of sharp edge during wear test at high loads may be attributed to weak bonding between CNTs and Al particles in the composite. Higher magnification SEM micrographs of worn surfaces clearly revealed the severe fracture and deep groove in the monolithic alloy and composite as can be seen in Figures 12(c) and 12(d) , respectively. The deep grooves in the monolithic alloy (cf. Figure 12(c) ) are typical of galling and material transfer caused by the roughened counterface as found by Casati and Vedani [3] . The roughness of the grooves in the composite (cf. Figure 12(d) ) indicates the breakage of material due to the subsurface fracture. The results infer that the higher wear rate of composites under an applied load larger than 0.2 kg is correlated with the subsurface fracturing due to the increase in hardness and the reduction in fracture toughness.
Conclusions
The specimens were successfully sintered at suitable temperatures in ambient air and relevant tests also had been done for evaluating density, hardness, and tribological behaviour of carbon nanotubes reinforced aluminium metal matrix composites. Compared to other processing methods, this process has the potential to make large parts and does not require expensive equipment. The density of all samples was measured by Archimedes method and all had a theoretical density between 92.22% and 97.74%. The microhardness was measured for aluminium and 0.5-2 wt% CNT composites. The hardness increased with increasing fraction up to 1.5 wt% and then reduced at 2 wt%. Wear and friction tests were conducted using "pin-on-disc" wear test apparatus. The micro/nanostructure was examined using high resolution field emission SEM to examine the distribution of CNTs in the matrix before and after pin-on-disc wear test. The SEM results were found to be correlated with wear rates. Wear rates and friction coefficient results were briefly discussed. The results showed that, under mild wear conditions, the CNTs reinforced Al composite displayed lower wear rate and friction coefficient compared to the monolithic Al alloy. However, for severe wear conditions, the composite displayed higher wear rate and friction coefficient compared to the monolithic alloy. Analysis of worn surfaces revealed that, at lower loads, abrasion was the dominant wear mechanism for both monolithic aluminium and composites. At higher loads, adhesion was found to be dominant for the monolithic alloy while subsurface fracturing and delamination were observed for the composite. Also, it was clarified that the friction and wear behaviour of Al composites is largely dependent on the applied load and there appears a critical load beyond which CNTs could have a negative impact on the wear resistance of the aluminium alloy.
It is envisaged that the densification and tribological properties of CNTs reinforced composites could be further improved by optimising the chemical pretreatment and dispersion of CNTs and to minimise the oxidation of the powders by carrying out the milling experiments to be carried out at room temperature under argon atmosphere. The densification can also be improved by secondary consolidation such as forging and rolling after cold compaction and sintering.
